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ADAPTATION OF JET PUMPFS FOR COMBINED
SUCTION AND BLOWING ON AN AIRPLANE WING ¥

SUMMARY

Thae use of Jet pumps for combined suction and blowing of
the boundary layer permlts solution of the difficult protlem of
uniform quentity distribution along the syan of an airplans wing,

The low efficlency of jet pumps is compensated by their
eage of installation, thelr lizhtrness and safety of operation
when using a source of compressed gas aboard the airplane,

For the study of the sdaptation of jet pumps to combined
sucticn and blowing one has to be contented with an approximate
but handy theory, restricted by the reservations formulated by
Maurice Roy {(rof. 1). For the summary review of this thecryv we
adopt 1ts form used by Muc Clintock (ref, 2) in order to fa.-
ilitate the use of experimentel values of certain coefficisnts
given by the latter. In this way it 1s feasible to verform
computatione for a jJet pump adarted to sucticr (which iwmposes
a quantity condition), to blowing (which impcses & momentum
flux condition) or to any combination of hoth effects,

1. Notations (see tig. 1).
C'sr  pressure coefficlent C',, = —&p!

o V1Z/2

£ gravitational acceleration g = 9.81m/s2
K ratlo of momenturs {luxes at the diffuser end and at the

injector: K = ~an-¥

ape V'

Pa atmospheric presesurs
Py tctal pressure of the impellant
Pt total vressure
P static pressure
Qp,qp,q, Dass, welght, volumc delivered per unit time l
Qs guantity per unit area: q, = g

S -

‘Adaptation des trompes ﬁ inductton assurant 1l'aspiration
et le soufflage ¢ mbines sur une aile d'svion, La Recherche
Aéronautique 35, p. 25 11953),
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| X The length of the nmixing tube must bhe csuf
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area of a cross seclion
Vv veloclity
The primes ' and ' refer to the 1mpelliing jJst and to

the induccd flow, respectively., Tne notations with no
P! 1Te refer to the discharge section of the diffuser,

a Area of the discharge section of the Qﬁ’fuagz, o= &
area of the mixing~-tube cross secti S
ap'" preasure increase imparted to the secondary mass by
170 AN - 7"
the lel: 4 p = Py-P{
Vi
Ny suction efficlency: mg = 91—%2_
qpV</2
My diffuser efficiency
A Area of the mixing-tube cross sgcticn. ) = Eg
Area of the injector orifice S!
v mass ratio: U = adfl
Qm
P density
c density ratio induced to impelling ailr: o = 21
al
X adaptation coefficient weighted for suction-blowing:

(1+w)X = X+w V" QpV+wggV'"
qmv|| q"ll

w welghting coefficient

2. Simplifiad Theory of Jet Pumps at Steady Flow.

2.1, Description of the Jet pump.

A jet pump (fig. 1) ccnsiste of the following components:

a) one or more injectors furnishing the primary inducing Jet,
b) & collecting mouth AB,

c; a mixing tube BC,

d) a difruser CD.

On restriction to the case of a ¢ylindrical nixing tude of a
length propertional to its dlametar * twc geometric:l marameters
are sufficient to characterize the jet punmp,

fic
equalization of the velocities at the dischar
experience shows, e,g., that, for a jet pumo with 1r~1e 1n19ctor
this length must be equal at leust to 5 times the mixing-tubs
dlamet=r,
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- The operation of the jet pump 1s defined by the following
) parsmeters:
o
A =B and a = JL“
S’ Sp
4, pags ratio, the ratio of,secandary mass flux to
primary mass flux, p = an .
eh)
. thrust ¢ocfriclent, ratio of the momentum flux at

the diffuser discharge to ths momentum flux at the

injector orifice, K = daV
qp V'

C"p., pregsure ceefficient, ratio of the total~pressure

increase of the secondary flow to the dynamic
pressure of the primary Jet, C'h:

Q'V' 2/2

2.2, Egtablishment of the genersgl jet-pump eouation (ref,2).

Thne suppositions made in this calculation are

-~ dncompressibility of cne induced ard the Algcharpged flow,
negligivle

frictional josssg atr the mixing~tube walls,
~b The energy exchange between primary and induced flow is

- performed with equalization of the velocities: therefore it
is analogous to the 'weak shock' (c¢cnservation of the

momentum gum).

The total comprestsion effected by the jet pump is

Ap" = Pp= PA = (PD —pc) + (?(; - ?B) - (pg - DS)
with pA~pR = l o“!gz in the colleciing mouth,

1 z

Pa-Pp = = qmlé*q"V"—quC) in tne mixing tube (conservation

L
Sm of momenuum)

PD-Pc=TiD lp ( é Vg) in the diffuser, when og= pp is assumed
and mp dernotes the diffuser efficlency.

Refsrring all of the quantities to the primary let the following
equations are obtained:

o = Quwzl!z
PATFB T o2’
pg-pp = L2 2 W2 - Grasd |

pp-pg = a_g_ 732 (i (1+ By (- ).
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Hence the general equationr
gl mlipl . .2 | Lt 14y ) (1ved) . (A=2)? ] (1)
P p'V'e/2 A L A 20 (»~1) |
withkﬂl-—@(l...l:.). (2)

2 o

Ref'srence 2 ocontains this eguation, in & similar form, as well
as experimental values of the coefficient k.

Por a given jet pump (a and A constant), thils equation (1)
furnishes = characteristic C'",:(u) as represented by fig. 2.
Another ocharacteristic, pressure loss as a function of welight
flux, Ap"(qg), is obtained by intrcducing the dynamic pressure

p'V'2/2 and the weignt flux qf of the primary jet, as & function
of the total pressure pi of tge impellant, suppcsing an
isentropic expansion up to the mixing section (fig. 3).

In the case cf a giver jst pump aspirating throuzgh a
varlable pressure 1088 the polnt of cperation is displaeced in
ths characteristic C“p-(u) as a function of thils pressure louss,

When the primary jet 18 supersonic the effective cross
sectiun of the primary Jet iarfter complete expancslon to the
mixing~tube prassure) becomes a function of thse initial total
pressure of ths lwpelliant; tnence a variation of the parameters
pu and o results which modifies the chuaracteristic C"p-(u) with

no discontinulty of operation; experience counfirms that u decr2ases
when the total pressure p| 1lncreases over the critical opressure
corresponding to sonlec speed at the et orifics,

3. Adaptation cof a Jet Pump to Suction.

Defining the preper suction effilclency mg as the ratlo
of the suction power qyAp" to the kiretic power of the primary

jet qlV'2/2 gives
Ng = q:;Ap" - 5-’-c"p'
q;__'V' 2/2 g

*

The adaptation of a jet pump to suction consiste in
securing a maximum value to the efficiency mg, compatible with
the given quantities p| and 4p'', that means searching for a

raximum B at constant C"p:.

T™e characterietics C“p-(u) constitute a familv of
ourves as a function of A which has a curve M(a) for an
envelope (fig. 2). The point of tangency of ar individual
characteristic (for given A and a) with this envelope 1is
the point c¢f optimum cperation of the corresponding Jjet pump,
Wnen a increases, the suction efficlency ircreases too,
put the value of mp limits thls gain,
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By use of the approximaticn (to the term in Jy)
A
20(A=1] = 2GA
equation (1) can bn writien ]
.2
et = & [x-k(1+u)(1+“i) + R (2)
p A o 20 J

and the equation of the envalope /M (a) 1s obtained by putting
the discriminant of egquation {3) equal to zero (second degree

in A):
cn , = 1 e (u\
PU 2k(ispi{ael) - w2 '
c o
The point of tangency with the envelope is given by the double
root A = I/C"pc.
Since C"_ , = 1/A holds for eny point of the envelove /7,

the adaptatlion pof‘ the Jjet pump to & gilven pressure coefficicnt
is independent of a. The varameter a leaves a certain freedom
for the choice of the discharge cross section S and the mass
ratic u.

L, Adaptation of a Jet Pump to Momentum Conservation.

Let K denote the ratio of the momentum fluxes at the
discharges of the diffuser and of the injector, K = qpV/qAV'.
It 18 required to determine X and a to give this ratic its
maximum value compatlble with the imposed pressure coefficient
= 13
[0 p| .

Neglecting the differences of velocity-profile shape
(which can be accounted for by an experimental coefficient)
the ratio can be written

K = (1+u) 1—:—5 . (5)
a

By elininating u the equations (1) and (5) define @
family of surfaces for constant a in the space (K,C’bi,k).

Ly o~y

Their contour projected on ths plane (K,C' 1) plays a role
analogous to the envelope [ for adaptation to suciion,
considered previously,

As an exawple, fig. 5 shows tne course of the charact- s
eristics (C" K} and their envelope for the simple case when

O=a= A= E.
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Ganerelly this adaptation leads to lower values of » than
the value of A determined by adantation to suction (adaptation
curve Ak in fig. 7).

5 daptation of a Jet Pump to Compined Suction and Blowing for
Circulation Control.

The experiments on circulation centrol have shown the
role plaved by the momentum flux of the blowing et qpV¥ and
the suction quantity qi, respeotively, HNow we present a
criterion of adaptation which leads us to a solution inter-
mediate hetwesn the solutiona discussed previously, viz.
adaptation to suction only and adaptation to blowing onl
The suction quantity will be aocounted for vy a fictitio
momentum flux defined by qjV' with oV" 2/2 = Ap",

Ss
ug
e

Let w denota a welghting ceoefficient] the tests on
circulatiocn control will permit defininp for any case the
optisum value of w according to the required goal. power
loading or lift-drag retio on ths take-off conditions of an
airplane driven ty propeller or Jet, CLmax on the landing
conditions, PFor example, by varying the suction and the
blowing simultaneously and independently, the cuantity to be
made a maximum for a constani totsl nowar {qvAp + qvAp"l can
be determined ss a fun~stion of w,

After selection of the average value of w corresponding
to the various utilized flight configurations it is introcduced
into the adaptation criterion defined by

= M with K" = q‘mv" K = qmv
T+ abv "t G

where & corresponds to the optimum (K"/K). Hence, in terms of
jet-pump parameters,

(1w)x = QAT B A1_B._C" (&)

ak (o]
In combination with squation {1) this equation permits drawing
the curve of adaptation C',;1(A,X) for a given a, as before.
Por exauple, fig. € presents the detsrmiration of this curvs
for @ = 1 and 0 = a = k = 1 {charactertstics (C",s,X) and their
envelope) The adaptation curve (fig. ?) furnished by the
roints of taugercy of the =2nvelope is situated between the
adaptation curves ’cr suction (» = 1/C% i) and for momertum
congervation (g ); 1t may be remaraod that only the
adaptation to suctl n is independent of «.
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6. Examyple of Calculation of a Jget Pump Adspted to Suction.

6.1. Sive

the total pressure of the impsllant p{ = 20, 410kg/cm?,

- the suction quantity a

p = 0.759 ke/s.

the law of pressure loss ag a functlon of suction quantity
qg = r(an"); bp" = 1860 kg/m? for qfy = 0.750 kg/s,
- the ratio ¢ = p'/p' ¥ 0,75 {ohtained frow pi).

with (2)., Sup-

Tho equation connecting the vurious var-meters 1s {1).
Jet punp

plewenitary condition: 1t 18 required to adapt the
to the muximum suction efflciency

cn T
ﬂa = (—..L—) maximunr Whan

A
tiadu o 180480

The unknowns are X and «, hence S', S, S and q'.

= l’- .
)

5.2, Courss of Calculation.

From the total pressure p{,
Q) = O.O’+8kg/s/cm2 = igentroplc quantity per unit area, and

byt 2
2—-——-‘2" = 7700 kg/m? =

On the other hand

ayvnamlc preassure of the primary jet,

Gl = bp = 1860 = 0,24)
Po w272 7700 P

.

Hence ths geowetrical parameter

A = l = l :L‘;.
"
c p! 0,241
Now the coefficient a and the daischarge cross-gection
remain to be determined. In equation (1) C",i,x and 0 ¥ 0.75

(for Dy = ZOulckg/mz) are given and K depends on a. Thus we
obtain a curve (u,a), Tig. 4. Then we coupute

18
e

%:9"
V8
8 »2p , q'y being the mass flux pner unit orifices area
q'u of' the injector,
Sy = ASY,
S = aS...
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s owurve S{a) 15 plotted in fig. 4; 3 18 chosen compatible

with the dimensions to be congidered for the discharge of

the Jet pump (here S = 150 cm<?)., Thore result two valueg of
G corresponding tc S = 150 cm?. "Ths value of a which cor-
respondrs to maximum u is adopted since M, maximum 1is required
(a0 = 1,49 1e chosen, hence p = G.73).

Thne second value of a (a = 1.3) corresponds to a hetter
conservation of the prinmary-Jjet thrust (K = 0,564 instead of
0.522), but to a suctlon efficlency diminished by about 20 %
{p = 0,57 irstend of 0.73).

Now the Jet pump beinyg completely determiuved, 1ts
theoreticnl characteristic C" , (u) can be calculated as well
as a porticn of 1te envelepnc L {fiz. 2), for a = 1,69,

G, = 1

) -

+ By _ pc
2k (14+p) (1+ =) =ik

.
&

It may be cbserved that for a differcnt value of c the presgure-
increase coefficient of sdaptation C'",: doesn't change (there 18
always C" 1 = 1/A = 0,241) end that ohly the mass ratio W variles
with aj 1% other words, tne locus of the points of tangency
batween envelopes and characteristics 15 the stralght line of
the ordinate C"pe = 0,241,

On the other rand, the experiment has furnished ue the
gurves (Ap",qg), fig. 3, for different oresrsure losses cbtained

by grids at the cullecting moutn (fig. 1). Thence an experil-
mental characteristic (fig. 2) was deduced;j the point of
adapcation according to theory (point of tangency betvsen
envelope and characteristic C" , = 1/X = 0,241) would correspond

to a higher pressure loss than obtained experimentally. However,
fig. 2 establishes that the theoretical and experimertal
cheracteristics are very close together.

7. Congluglons.

Experience sncws that the gimplifled theory, as
1lluetrated by the prececding exsmnle of 2 jJet pump adspied
to suctlon, is of sulficlent validity for a reasonable
determination of the geometrical psrameters and tne charact-
eristics of operation,

The optimum utilization of jet pumps for combined
suction ana blcwing on an sirplane wing is still defined
rather poorly; experimental research of the exterior aero-
éynamics is 111l necessary to determine erpeclally the
importance of suction and blowing for the vroblems of

increasing 1lift by boundary-layer control,



The hest method would be to study separately the
ipfluenge of sugtion guantity, on tne one hand, and of
mementym, on the other hand; the expsriment should be vorformed
with an airfoll in plane flow at a Beynclds number close to
realiiy; the z:icilon and blowlng slots, of controllable width
and enape, wonuid he charged by two separate pumps, and fcr any
flignt configuration (crulsing, landing, or take off) the
quiantities needed for rsattachment of the houndary layer over
the whole nrofile would be explored,

Starting from these data and tne wressure characteris*ics
at intake and discharge of the Jet pump it would he feasible,
by the abcove method to compute an 'optimum' .Jet pupnp desigmed
to satisfy sipultaneously the condltions of suction and blowing.
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Pigure 5.- Adaptation to conservation of momentus
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